Background-In endothelial cells, caveolin-1, the structural protein of caveolae, acts as a scaffolding protein to cluster lipids and signaling molecules within caveolae and, in some instances, regulates the activity of proteins targeted to caveolae. Specifically, different putative mediators of the endothelium-derived hyperpolarizing factor (EDHF)mediated relaxation are located in caveolae and/or regulated by the structural protein caveolin-1, such as potassium channels, calcium regulatory proteins, and connexin 43, a molecular component of gap junctions. Methods and Results-Comparing relaxation in vessels from caveolin-1 knockout mice and their wild-type littermates, we observed a complete absence of EDHF-mediated vasodilation in isolated mesenteric arteries from caveolin-1 knockout mice. The absence of caveolin-1 is associated with an impairment of calcium homeostasis in endothelial cells, notably, a decreased activity of Ca 2ϩ -permeable TRPV4 cation channels that participate in nitric oxide-and EDHF-mediated relaxation. Moreover, morphological characterization of caveolin-1 knockout and wild-type arteries showed fewer gap junctions in vessels from knockout animals associated with a lower expression of connexins 37, 40, and 43 and altered myoendothelial communication. Finally, we showed that TRPV4 channels and connexins colocalize with caveolin-1 in the caveolar compartment of the plasma membrane. Conclusions-We demonstrated that expression of caveolin-1 is required for EDHF-related relaxation by modulating membrane location and activity of TRPV4 channels and connexins, which are both implicated at different steps in the EDHF-signaling pathway. (Circulation. 2008;117:1065-1074.)
reduced. Several endothelium-derived factors with hyperpolarizing activity have been identified: epoxy-eicosatrienoic acids (EETs), K ϩ ions, and H 2 O 2 (for review, see Reference 1) . It has also been shown that hyperpolarization generated in endothelial cells could spread to the adjacent smooth muscle cells through myoendothelial gap junctions. 6 A hallmark of the EDHF-mediated response is its initiation by an elevation of intracellular calcium ([Ca 2ϩ ] i ) in endothelial cells. 7 Moreover, it has been clearly demonstrated that the opening of Ca 2ϩ -activated potassium channels (K Ca ; most probably the IK Ca and SK Ca channels expressed either on the endothelium or on the smooth muscle cells) is the end-cellular event mediating the hyperpolarization and the subsequent EDHF relaxation. 8 In endothelial cells, a number of molecules responsible for Ca 2ϩ handling have been shown to be compartmentalized in caveolae. Direct measurements of Ca 2ϩ waves in endothelial cells have suggested that caveolae could be the sites that initiate Ca 2ϩ entry and Ca 2ϩ -dependent signal transduction. 9 The role of caveolin-1 in the regulation of calcium entry in endothelial cells has been shown recently. 10 Indeed, caveolae are enriched with regulatory molecules like the inositol trisphosphate receptor (IP 3 R), 10, 11 Ca 2ϩ ATPase, 12 heterotrimeric GTP binding protein, 13 and some isoforms of the transient receptor potential channel (TRP). 10,14 -16 Some of the proposed EDHF, as the EETs, seem to interact directly or in a membrane-delimited fashion with these Ca 2ϩ -regulatory proteins. 17 A recent interesting finding showed that EETs activate TRPV4 channels and Ca 2ϩ influx in endothelial cells, leading to vascular relaxation. 18 Moreover, it has been demonstrated recently that the gap junction protein connexin (Cx43) and caveolin-1 partially colocalize in cells where they are endogenously expressed, mainly at junctional membranes of contacting cells. 19 Major ion channels are also enriched in caveolar domains; furthermore, caveolin-1 interaction can directly modulate the opening probability of some channels such as the "bigconductance" Ca 2ϩ -dependent potassium channels (BK Ca ), a potential end effector of EDHF-mediated relaxation. 20 In this study, we investigated the potential regulatory role of caveolin-1 on EDHF-related relaxation, considering the hypothesis that EDHF effectors could either locate in caveolar microdomains and/or be regulated by interactions with caveolin-1. We sought to define the relative roles of the different endothelial vasorelaxant factors in caveolin-1 knockout (KO) mice and to specifically identify whether caveolin-1 modulates the signaling pathways responsible for EDHF relaxation.
Methods
An expanded Methods section is available in the online-only Data Supplement.
Animals
All experimental protocols were approved by the local Ethics Committee.
Measurements of Contractile Tension and Vessel Membrane Potential
Superior mesenteric artery segments were mounted in a wire myograph. Contractile tension or smooth muscle membrane potential was measured as described previously. 21, 22 
Human Umbilical Vein Endothelial Cell Culture and Transfections
Human umbilical vein endothelial cells (HUVECs) were transfected with small-interfering RNA (siRNA) (AACGAGAAGCAAGTG-TACGAC, QIAGEN) with the use of lipofectin (Invitrogen) according to the manufacturer's protocol. [Ca 2ϩ ] i was determined with the fluorescent Ca 2ϩ indicator fura 2 as described previously. 23 
Measurement of [Ca 2؉ ] i in Endothelial Cells

Subcellular Fractionation and Western Blotting
HUVECs and isolated aortas from wild-type (WT) mice were lysed in Na 2 CO 3 (0.5 mol/L) (pH 11) buffer. Subcellular fractionation was made by isopycnic ultracentrifugation as described previously. 24 Proteins harvested in the subcellular fractions or vessel lysates were processed for immunoblotting as described previously. 23 Membranes were (re)probed with antibodies against TRPV4 channel (Alomone Labs), Cx37 (CX37-A11, Chemicon, Temecula, Calif), Cx40 (CX40-AB1726, Chemicon), Cx43 (clone CXN-6, Sigma, St Louis, Mo), and ␤-actin (Sigma).
Immunoprecipitation
HUVECs were lysed in ice-cold precipitation buffer. Insoluble material was removed by centrifugation. Then 500 g of protein from lysates was subjected to immunoprecipitation. Polyclonal antibodies to TRPV4 or caveolin-1 were added to cell lysate for 1 night at 4°C. Immunoglobulin and bound proteins were precipitated with G-sepharose beads and collected for Western blotting.
Circadian Variation, Blood Pressure, and Frequency Analysis of Blood Pressure by Implanted Telemetry
Blood pressure (BP) signals from the aortic arch were measured in conscious, unrestrained animals with surgically implanted, miniaturized telemetry devices (Datascience Corp). Spectral analysis of BP recordings was performed with the use of a fast Fourier transformation algorithm.
Immunohistology
Cryosliced aortas were probed with primary antibodies against Cx43 (MAB3068, Chemicon), Cx40 (AB1726, Gentaur), and Cx37 (CX37A11-A, Gentaur) and with secondary antibodies coupled with TRITC or FITC fluorophores (Jackson ImmunoResearch).
Electron Microscopy
For immunogold staining, ultrathin sections of mice mesenteric arteries were probed with primary antibodies against Cx37, Cx43, and Cx40 and with secondary antibodies coupled with gold beads. The density of gold labeling, expressed as the number of gold particles per square micrometer, was determined in different compartments in vessel cells by counting the number of gold particles over each cell compartment.
Dye Transfer
Calcein transfer from endothelial cells to smooth muscle cells was evaluated as described previously. 25 Results were expressed as immunogold particles per square micrometer.
Statistical Analysis
All results are expressed as meanϮSEM. Statistical comparisons were analyzed by Student t test or ANOVA where appropriate. A value of PϽ0.05 was considered significant.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
Absence of Caveolin-1 Is Associated With Increase in NO-Mediated Relaxation and Impairment of EDHF-Mediated Relaxation
To evaluate NO-mediated relaxation, superior mesenteric arteries from caveolin-1 WT and KO mice were contracted with a high-KCl solution (to exclude possible interaction with any EDHF) in the presence of indomethacin (10 mol/L) and exposed to acetylcholine (30 mol/L). As shown in Figure  1A , maximal NO-mediated relaxation was significantly increased in arteries from caveolin-1 KO mice compared with the WT littermates (65.4Ϯ5.8%, nϭ3 vs 42.3Ϯ2.8%, nϭ7; PϽ0.01). The contraction was similar in both groups (data not shown).
To evaluate EDHF-related relaxation, preconstricted arteries (phenylephrine, 1 mol/L) were exposed to acetylcholine (10 nmol/L to 10 mol/L) in the presence of a NOS inhibitor (N -nitro-L-arginine [L-NA], 100 mol/L) and indomethacin (10 mol/L). An EDHF-dependent relaxation amounting to 30.9Ϯ8.0% (nϭ8) of maximal contraction was observed in caveolin-1 WT arteries, whereas it was completely absent in arteries from caveolin-1 KO mice (nϭ6) ( Figure 1B ).
EDHF-related relaxation is mediated by a smooth muscle cell hyperpolarization that leads to reduction of the open probability of voltage-dependent Ca 2ϩ channels and to subsequent decrease in [Ca 2ϩ ] i . Indeed, treatment of WT superior mesenteric arteries with acetylcholine (3 mol/L) evoked smooth muscle cell hyperpolarization, which was absent in caveolin-1 KO arteries (WT: from Ϫ51.8Ϯ2.0 mV, nϭ6 to Ϫ60.3Ϯ0.9 mV, nϭ4; caveolin-1 KO: from Ϫ49.9Ϯ1.3 mV, nϭ11 to Ϫ51.7Ϯ1.6 mV, nϭ6) ( Figure 1C ). Notably, smooth muscle cell resting membrane potential was similar in both strains (WT: Ϫ51.3Ϯ2.0 mV, nϭ6; caveolin-1 KO: Ϫ49.9Ϯ 1.3 mV, nϭ11). To exclude a possible modulation of the membrane potential by NO, a similar protocol was applied to arteries preincubated with L-NA (100 mol/L). Resting potential was unchanged under these conditions in both artery types (WT: Ϫ51.7Ϯ1.1 mV, nϭ9; caveolin-1 KO: Ϫ50.7Ϯ1.1 mV, nϭ8). Acetylcholine-evoked hyperpolarization was maintained in WT vessels and remained absent in caveolin-1 KO arteries ( Figure 1D ).
Because NO could directly inhibit EDHF relaxation, 26 we measured the EDHF-mediated relaxation on WT vessels precontracted with phenylephrine and exposed to the exogenous NO donor S-nitroso-N-acetyl-D,L-penicillamine (SNAP). The phenylephrine dose was adapted to obtain a similar amplitude of contraction in the presence or the absence of SNAP. In our experimental setup, exogenous NO did not reduce the EDHFdependent relaxation evoked by acetylcholine (EDHF maximal relaxation: 34.2Ϯ4.1%, nϭ11; EDHF maximal relaxation with SNAP: 42.1Ϯ5.5%, nϭ11, not shown).
Absence of Caveolin-1 Induces Impairment of Ca 2؉ Entry in Endothelial Cells
To evaluate the role of caveolin-1 in Ca 2ϩ homeostasis in endothelial cells, caveolin-1 expression was downregulated by transfecting HUVECs with siRNA directed against caveolin-1 (caveolin-1-siRNA cells). An 80% to 95% reduction in caveolin expression was reached versus control ( Figure IA in the online-only Data Supplement). Because acetylcholine muscarinic receptor expression is not stable in HUVECs, ATP (10 m) was chosen to stimulate these cells. ATP treatment induced a transient increase in [Ca 2ϩ ] i followed by a plateau; the biphasic Ca 2ϩ response was similar in shape and amplitude in endothelial cells treated with caveolin-1-siRNA (data not shown). In the absence of extracellular calcium (Ca 2ϩ 0 mmol/L, EGTA 3 mmol/L), ATPinduced [Ca 2ϩ ] i increase, corresponding to the release of intracellular stores, was similar in both groups (Figure 2A ). In contrast, the Ca 2ϩ signal evoked by normal extracellular Ca 2ϩ concentration restoration (1.3 mmol/L) was significantly reduced in caveolin-1-siRNA cells ( Figure 2B ). These results suggest a role of caveolin-1 in Ca 2ϩ entry in endothelial cells. Similar results were obtained with cultured endothelial cells freshly isolated from caveolin-1 WT and caveolin-1 KO 
TRPV4 Channels Participate in EDHF-Mediated Relaxation
We investigated whether TRPV4-dependent Ca 2ϩ entry could play a functional role in the endothelium-dependent relaxation by measuring EDHF and NO-mediated relaxations in TRPV4 KO and WT mice. As shown in Figure 3A , the EDHF-mediated dilation was significantly altered in TRPV4 KO arteries compared with their WT control. The NOmediated relaxation was also slightly but significantly reduced in TRPV4 KO arteries ( Figure 3B ). In contrast, endothelial-independent relaxation remained unchanged (Figure II in the online-only Data Supplement). TRPV4 channels activity was then evaluated in HUVECs. The obtained data provided evidence that the selective TRPV4 opener 4␣PDD (10 mol/L) evoked an increase in [Ca 2ϩ ] i (195.9Ϯ36.1 nmol/L; nϭ8). This increase was significantly blocked when the cells were pretreated with caveolin-1-siRNA (88.7Ϯ14.3 nmol/L; PϽ0.05; nϭ8) ( Figure 3C ).
Because TRPV4 channel activity seems partly regulated by caveolin-1 and/or a caveolar location, we sought to evaluate a possible enrichment of TRPV4 in the caveolae-enriched low-density fractions. Therefore, cellular fractionation by sucrose gradient and isopycnic centrifugation were performed on HUVECs. Figure 3D reveals that a large proportion of TRPV4 channels are found in caveolae-enriched low-density fractions, suggesting that these channels most probably reside in caveolae. This hypothesis was confirmed on coimmunoprecipitation of caveolin-1 and TRPV4, supporting an association between both proteins ( Figure 3E ).
The phenotype of TRPV4 KO and WT mice was further characterized by the evaluation of circadian variation, BP, and frequency analysis of BP with miniaturized telemetry devices implanted in conscious, freely moving mice. The systolic BP (SBP) profile of both WT and KO mice exhibited a physiological circadian variation, with lower pressure during the day (corresponding to the resting period in mice). Their 24-hour as well as night or day mean SBP levels were also identical ( Figure 3F ). Spectral analysis of the 24-hour SBP recordings was performed, and the variability of SBP in the very-low-frequency band (0.05 to 0.4 Hz; reflecting neurohumoral control, including NO) was measured ( Figure  3G ). The very-low-frequency variability of SBP of TRPV4 KO was not significantly different from WT, suggesting compensatory mechanisms to the altered NO and EDHF signaling cascades.
Integrity of Gap Junctions Is Compromised in the Absence of Caveolin-1
Because the dramatically altered EDHF-related relaxation observed in caveolin-1 KO mice could not be recapitulated by the absence of TRPV4 channels, we then focused on gap junctions as another caveolae-associated effector of the EDHF pathway.
In caveolin-1 WT arteries, EDHF-dependent relaxation is To explore gap junctions in caveolin-1 KO and WT mice, immunoblotting of Cx40, Cx43, and Cx37 was performed. Decreased expression of all 3 connexins was evident in aortas from KO versus WT mice ( Figure 4A ). Moreover, electron microscopy showed that in contrast to WT arteries, morphological characterization of caveolin-1 KO vessels presented large collagen fibers between smooth muscle cells and a discontinuity between the endothelium and the media ( Figure  4B ). Immunofluorescence experiments also revealed that the vascular gap-junction components Cx40, Cx43, and Cx37 were differentially expressed in WT aorta and caveolin-1 KO aorta. In WT vessels, the signal for Cx40 and Cx37 was found mainly in the endothelial cells, whereas Cx43 staining was detected throughout the vascular wall ( Figure 4C to 4E) . Cx40, Cx43, and Cx37 in superior mesenteric arteries were then analyzed by electron microscopy. As illustrated in Figure 4F to 4H, in caveolin-1 KO mouse arteries, the amount and location of gap junctions detected by immunogold were altered in comparison to WT arteries. The specific staining for Cx40 in WT superior mesenteric arteries showed myoendothelial gap junctions and homocellular gap junctions between endothelial cells ( Figure 4F, left panel) . In contrast, morphologically altered junctions appeared between caveolin-1 KO smooth muscle cells and endothelial cells, with collagen fibers separating both cellular types ( Figure 4F , right panel). Cx40 staining in caveolin-1 KO arteries was significantly decreased, reaching 34.8Ϯ0.3 immunogold particles per square micrometer versus 50.8Ϯ0.2 immunogold particles per square micrometer in WT mice (PϽ0.001). Cx43 staining revealed abundant gap junctions at the plasma membrane of the WT endothelial cells, connecting endothe-lial and smooth muscle cells. The total amount of gap junctions stained by Cx43 immunogold was decreased in caveolin-1 KO arteries (31.9Ϯ0.3 versus 48.9Ϯ0.4 immunogold particles per square micrometer; PϽ0.001) ( Figure 4G) . Similar results were observed after Cx37 staining. The myoendothelial gap junctions evidenced in WT vessels in Figure 4H (left panel) are located in projections arising from endothelial cells. Cx37 staining did not reveal any endothelial gap junction in caveolin-1 KO superior mesenteric arteries, and only a faint signal was evidenced between smooth muscle cells ( Figure 4H , right panel) (global quantification for Cx37: 28.3Ϯ0.2 immunogold particles per square micrometer versus 45.0Ϯ0.2 immunogold particles per square micrometer in WT; PϽ0.001).
These results suggest that caveolin-1 absence might interfere with the expression of the different isotypes of connexins at the plasma membrane and/or with functional gap-junction formation. A specific staining for Cx37 located both in gap junctions and in caveolae-like cytosolic vesicles within endothelial cells was detected in aorta isolated from WT-type mice analyzed by electron microscopy (Figure 5A ). To further evaluate the potential interaction between caveolin-1 and the connexins, a possible enrichment of these gap junction-forming proteins in caveolar low-density fractions was assessed by subcellular fractionation of HUVECs. As illustrated by Figure 5B , Cx43 was found in the low-density fraction, suggesting a colocalization of caveolin-1 and connexins. Immunoprecipitation assays confirmed the interaction between caveolin-1 and Cx43 and extend this observation to Cx40 (Figure 5C ). When subcellular fractionation was performed on endothelial cells pretreated with caveolin-1-targeted siRNA, a decreased expression of Cx40 in the subcellular fractions containing the lipid rafts was observed even if a residual expression of caveolin-1 persisted (control HUVECs: 69.9Ϯ11.0% of total protein, nϭ4; siRNAtransfected HUVECs: 24.7Ϯ15.9% of total protein, nϭ3; residual expression of caveolin-1 in siRNA-transfected HUVECs: 14.9Ϯ6.1% of control HUVECs, nϭ4).
To evaluate myoendothelial gap-junction functionality in KO and WT vessels, superior mesenteric arteries were perfused with calcein-AM (10 mol/L), a membrane-permeant fluorescent probe that can penetrate endothelial cells but that is rapidly cleaved into nonpermeant calcein, making its diffusion dependent on functional gap junctions. This dye transfer was evaluated by microscopy on cryopreserved slices of these arteries. As shown in Figure 6 , in caveolin-1 WT artery, the calcein staining penetrated through the entire vascular wall ( Figure 6A ), whereas it remained limited to the endothelium in caveolin-1 KO vessels ( Figure 6B ). Complete inhibition of calcein diffusion by carbenoxolone confirmed the dependence of this readout on functional gap junctions ( Figure 6C ).
Discussion
The endothelium controls vascular tone not only by releasing NO and prostaglandin I 2 but also by generating hyperpolarization of the adjacent smooth muscle cells. This response was first attributed to the EDHF, but it is now clearly demonstrated that EDHF includes different mechanisms. 1 The present study provides new insights in the understanding of the signaling pathway leading to EDHF-related relaxation. The seminal findings of this work are the absence of an EDHF-induced smooth muscle hyperpolarization and of the associated vascular relaxation in caveolin-1 KO arteries. This observation led us to identify different mechanisms related to EDHF regulation and dependent on caveolae integrity: (1) Ca 2ϩ entry via TRPV4 participates in EDHF-signaling initiation; (2) this TRPV4-dependent Ca 2ϩ entry requires TRPV4 and caveolin-1 colocalization in endothelial cells; and (3) in the absence of caveolin-1, connexins and gap junctions are dramatically reduced at myoendothelial junctions, leading to an alteration of small molecules (and more probably electric) transfers from endothelium to smooth muscle cells.
Absence of caveolin-1 expression is associated with a structural disorganization of the plasma membrane, and the caveolar loss could interfere with intracellular signaling cascades. As suggested previously, NO and EDHF-mediated relaxations are initiated by a [Ca 2ϩ ] i increase in endothelial cells, but the threshold needed to induce EDHF relaxation is higher than that inducing NO-mediated dilation. 7 Consequently, small changes in Ca 2ϩ homeostasis of endothelial cells would first affect EDHF relaxation. To explore the role of caveolin-1 in Ca 2ϩ signal transduction in endothelial cells, [Ca 2ϩ ] i measurements were made in HUVECs transfected with caveolin-1 siRNA and stimulated with ATP. In the absence of caveolin-1 expression, Ca 2ϩ entry through the plasma membrane was found to be reduced, suggesting that caveolar integrity and/or caveolin is required for Ca 2ϩ entry to occur.
A role for caveolae in Ca 2ϩ handling was first suggested in endothelial cells by visualizing Ca 2ϩ waves originating from caveolar structures. 9 Moreover, a number of studies have shown that disruption of caveolae, eg, with methyl-␤cyclodextrin, significantly inhibits capacitive calcium entry. 15, 27 Even though we could speculate on the specificity of such treatments, these observations corroborate the preferential location of several Ca 2ϩ regulatory proteins in the caveolae. 9 Interestingly, members of the TRP channel family have recently been reported to reside in caveolae. 10, 14, 28 TRPC1, which seems to be involved in capacitive calcium entry, 29 also coimmunoprecipitates with caveolin-1, 15, 27 suggesting that the 2 proteins physically interact and that TRPC1 resides in the caveolae. Indeed, caveolin-1 helps to localize TRPC1 to the membrane and seems to directly regulate TRPC1 channel function through its scaffolding domain. 30, 31 Very recently, Fleming and collaborators 32 endothelial cell membrane, which was prevented by Rp-cAMPS and mimicked by 1,12-EET. A recent study has also shown that caveolin-1 is associated with a dynamic protein complex consisting of TRPC4, TRPC1, and IP 3 R under acetylcholine stimulation in murine lung endothelial cells. 10 In endothelial and smooth muscle cells, [Ca 2ϩ ] i is increased after stimulation with EETs, 18 compounds proposed to act as an EDHF. 33 This effect is mediated by TRPV4 channel activation. 18, 34, 35 Moreover, TRPV4 channels have been proposed to be regulated by products of cytoplasmic phospholipase A 2 and to contribute to endothelial-dependent vasorelaxation. 17, 35 It was further documented that Ca 2ϩ entry through the endothelial TRPV4 channels triggers NO-and EDHF-dependent vasorelaxation. 18, 36 In addition, TRPV4 channels seem to be involved in endothelial mechanosensing of shear stress-induced vasodilation and therefore may represent a novel pharmacological target for hypertension treatment. 36 In our study, we have shown that the NO-and EDHF-dependent relaxation induced by carbachol is altered in arteries from TRPV4 KO mice, confirming an important role of this channel in endothelial vasorelaxation. In endothelial cells, muscarinic cholinergic receptor activation may stimulate phospholipase C activation, leading to IP 3 and diacylglycerol formation and to Ca 2ϩ entry. This could in turn activate phospholipase A 2 to generate arachidonic acid and EETs via the epoxygenase CYP 2J/2C. EETs would activate TRPV4 channels, which will mediate Ca 2ϩ influx and subsequent K Ca activation.
Moreover, we have demonstrated that specific TRPV4 activation by 4␣PDD evokes an increase of [Ca 2ϩ ] i , which is smaller in endothelial cells transfected with caveolin-1-siRNA compared with controls. These data suggested a functional interaction between caveolin-1 and TRPV4. Subcellular fractionation of aorta tissue and endothelial cells revealed a colocalization of TRPV4 and caveolin-1 in the caveolae-enriched membrane fractions. On immunoprecipitation, a complex of TRPV4 and caveolin-1 was detected. Altogether, these results suggest that TRPV4 activity is in part regulated by caveolin-1 and/or that this channel requires caveolar location to function properly.
Gap junctions are the sites of intimate cell-to-cell contacts, allowing electric propagation as well as passage of ions, second messengers, and other small molecules. Specifically, the myoendothelial gap junctions (composed of Cx37, Cx40, and Cx43) have been implicated in the EDHF signal spread from endothelial to smooth muscle cells. 6 This was confirmed in our study as we observed that EDHF-dependent relaxation of WT vessels was dramatically inhibited by the gapjunctional uncoupling agent carbenoxolone. Hyperpolarization spread is also dependent on homocellular electric and chemical coupling in the intima and in the media, generating a continuum between coupled cells. Immunohistochemistry and Western blot have shown decreased expression of connexins in caveolin-1 KO arteries compared with WT. Myoendothelial gap junctions were observed on endothelial cell projections in the media of WT vessels, as previously documented, and specific staining for the 3 connexins confirmed their presence in these junctions. 37 By contrast, in caveolin-1 KO mouse arteries, few existing junctions were evident. These results suggest that caveolin-1 may interact with the connexins and regulate their targeting at the plasma membrane. In WT vessels, the presence of Cx43, Cx40, and Cx37 was also demonstrated in intracellular caveolar structure (illustrated for Cx37 in Figure 6A ). Using cell fractionation, we showed a colocalization of caveolin-1 with Cx43. Together with our calcein-based functional assay ( Figure 6 ), these data suggest that caveolin-1 absence directly affects connexin location at the plasma membrane and, consequently, formation and function of gap junctions, thereby impairing the spread of EDHF-related hyperpolarization and relaxation.
NO-mediated relaxation is increased in superior mesenteric arteries from caveolin-1 KO mice. In these mice, the negative regulation by caveolin-1 on eNOS activity 2 is abrogated, and, consequently, eNOS protein is constitutively activated, leading to enhanced NO production. This seems to occur even in small arteries, in which EDHF is the most prominent endothelial vasorelaxing factor. It was suggested that the excess of NO production could directly inhibit EDHF relaxation. 26 However, in our study, EDHF-mediated hyperpolarization could not be restored by L-NA pretreatment, a NOS inhibitor. Moreover, when caveolin-1 WT arteries were exposed to an exogenous NO donor, EDHF-mediated relaxation was not affected, suggesting that the larger NO production observed in caveolin-1 KO arteries did not inhibit EDHF relaxation.
The role of caveolae in the signaling cascade leading to EDHF-mediated relaxation may have clinical significance in the development of pathological states like atherosclerosis. Hypercholesterolemia is associated with impaired endothelial NO production, and, as a consequence, alterations in eNOS abundance and activity were proposed to constitute early events in the development of atherosclerosis. 38 Our group has provided biochemical and functional evidence that high levels of low-density lipoprotein cholesterol decrease NO production in endothelial cells by upregulating caveolin-1 abundance and promoting its inhibitory interaction with eNOS. 39, 40 Our results suggest that EDHF-mediated relaxation could be preserved in such pathological states and act as backup relaxation. Previous work in human arteries confirms this hypothesis, showing preserved EDHF-mediated relaxation despite the presence of risk factors for atherosclerosis. 22, 41 In conclusion, we observed that the genetic deletion of caveolin-1 results in total absence of EDHF-mediated relaxation in caveolin-1 KO arteries. This phenomenon emphasizes the role played by caveolin-1 at different steps of the EDHF-related signaling cascade. By altering Ca 2ϩ entry, caveolin-1 deletion may interfere with the initiation of EDHF-dependent relaxation, which is mediated by a [Ca 2ϩ ] i increase in endothelial cells. This is in part due to the disruption of TRPV4 function, as suggested by the caveolar location of this channel and its contribution to NO-and EDHF-mediated relaxation. Finally, caveolin-1 deletion alters the expression and caveolar location of Cx37, Cx40, and Cx43, myoendothelial and vascular homocellular gapjunction components, thereby interfering with the intercellular spread of EDHF hyperpolarization.
